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flow battery includes obtaining a diffusivity of anolyte ions
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Figure 3
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Figure 6
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Figure 10

Diffusivity

0 20 40 60 80 100




U.S. Patent Aug. 16, 2016 Sheet 11 of 12 US 9,419,294 B2

Figure 11

100
g0
80 r
70
60

50 |
40 |
30 |
20
10 | —e—S0C 0~50

0 | 1 i 1 1
0 10 20 30 40 50

Time[hr]

Capacity[ %]

—a—S0C 0~100




U.S. Patent Aug. 16, 2016 Sheet 12 of 12 US 9,419,294 B2

Figure 12
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METHOD AND APPARATUS FOR
CONTROLLING OPERATION OF REDOX
FLOW BATTERY

CROSS REFERENCE TO RELATED
APPLICATION

This application claims the benefit of Korean Patent Appli-
cation No. 10-2013-0162275, filed on Dec. 24, 2013, entitled
“METHOD AND APPARATUS FOR CONTROLLING
OPERATION OF REDOX FLOW BATTERY”, which is
hereby incorporated herein by reference in its entirety.

BACKGROUND

1. Technical Field

The present invention relates to a method and apparatus for
controlling operation of a redox flow battery.

2. Description of the Related Art

A redox flow battery refers to an electrochemical electric-
ity storage device which charges or discharges electricity
through oxidation/reduction of ions contained in an electro-
lyte. In such a redox flow battery, an anolyte and a catholyte
composed of different kinds of active materials are separated
from each other by a separator.

Ion crossover occurs through the separator and the amount
of'ions exchanged through the separator varies according to
the kind of active material, that is, the oxidation number of
ions, so that the amount of one of the catholyte and the anolyte
increases. Such unbalanced crossover breaks a capacitive
balance between the catholyte and the anolyte and reduces
use rate of electrolyte solutions, thereby causing reduction in
capacity of the battery.

To solve the problem of capacity reduction of the redox
flow battery, a method of mixing the anolyte and the catholyte
or amethod of migrating one of the electrolyte solutions from
one storage tank to another storage tank containing the other
electrolyte solution is used in the related art. However, mixing
or migration of the electrolyte solutions requires a separate
energy source and a considerable time in solving the problem
of capacity reduction. Moreover, the method of mixing the
electrolyte solutions under certain conditions has a drawback
of consumption of energy charged in the battery.

BRIEF SUMMARY

Aspects of the present invention provide a method and
apparatus for controlling operation of a redox flow battery,
which can prevent reduction in capacity of the redox flow
battery.

In addition, aspects of the present invention provide a
method and apparatus for controlling operation of a redox
flow battery, which can prevent reduction in capacity of the
redox flow battery without an additional process such as
mixing or migration of electrolyte solutions and additional
cost burden caused thereby.

Further, aspects of the present invention provide a method
and apparatus for controlling operation of a redox flow bat-
tery, which can secure continuous and stable operation of the
redox flow battery for a long period of time without stopping
operation of the battery for overhauling.

The present invention is not limited to these aspects, and
other aspects and advantages of the present invention not
mentioned above will be understood through the following
description, and more clearly understood from exemplary
embodiments of the present invention. In addition, it will be

15

20

40

45

50

55

2

easily appreciated that the aspects and advantages are realized
by features and combination thereof as set forth in claims.

In accordance with one aspect of the present invention, a
method of controlling operation of a redox flow battery
includes: obtaining a diffusivity of anolyte ions with respect
to a separator; obtaining a diffusivity of catholyte ions with
respect to the separator; determining electrolyte diffusivities
depending upon a state of charge value of the redox flow
battery based on the diffusivity of the anolyte ions and the
diffusivity ofthe catholyte ions; determining a minimum state
of charge value and a maximum state of charge value of the
redox flow battery based on the electrolyte diffusivities; and
setting operating conditions of the redox flow battery based
on the minimum state of charge value and the maximum state
of charge value.

In accordance with another aspect of the present invention,
an apparatus for controlling operation of a redox flow battery
includes: a diffusivity determination unit that obtains a diffu-
sivity of anolyte ions with respect to a separator and a diffu-
sivity of catholyte ions with respect to the separator and
determines electrolyte diffusivities depending upon a state of
charge value of the redox flow battery based on the diffusivity
of'the anolyte ions and the diffusivity of the catholyte ions; a
first operating condition setting unit that sets a minimum state
of charge value and a maximum state of charge value of the
redox flow battery based on the electrolyte diffusivities; and a
second operating condition setting unit that sets operating
conditions of the redox flow battery based on the minimum
state of charge value and the maximum state of charge value.

As described above, according to the present invention,
there is an advantage of preventing reduction in capacity of a
redox flow battery.

In addition, according to the present invention, there is an
advantage of preventing reduction in capacity of the redox
flow battery without an additional process such as mixing or
migration of electrolyte solutions and additional cost burden
caused thereby.

Further, according to the present invention, there is an
advantage of securing continuous and stable operation of the
redox flow battery for a long period of time without stopping
operation of the battery for overhauling.

BRIEF DESCRIPTION OF THE DRAWINGS

The above and other aspects, features, and advantages of
the present invention will become apparent from the detailed
description of the following embodiments in conjunction
with the accompanying drawings, in which:

FIG. 1 is a diagram of a redox flow battery controlled by a
method and apparatus for controlling operation of a redox
flow battery according to the present invention;

FIG. 2 shows variation of compositions of an anolyte and a
catholyte depending upon a state of charge value of a redox
flow battery;

FIG. 3 is a block diagram of an apparatus for controlling
operation of a redox flow battery according to one embodi-
ment of the present invention;

FIG. 4 is a graph depicting electrolyte diffusivities with
respect to separator A in Example 1 of the present invention;

FIG. 5 shows an OCV graph of the separator A used for
setting operating conditions in Example 1 of the present
invention;

FIG. 6 is a graph depicting capacity variation of a redox
flow battery under the operating conditions set in Example 1
of'the present invention, which is compared with capacitance
variation under typical conditions in the related art;
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FIG. 7 is a graph depicting electrolyte diffusivities with
respect to separator B in Example 2 of the present invention;

FIG. 8 shows an OCV graph of the separator A used for
setting operating conditions in Example 2 of the present
invention;

FIG. 9 is a graph depicting capacity variation of a redox
flow battery under the operating conditions set in Example 2
of the present invention, which is compared with capacity
variation under typical conditions in the related art;

FIG. 10 is a graph depicting electrolyte diffusivities with
respect to a separator NAFION115 in Example 3 of the
present invention;

FIG. 11 is a graph depicting capacity variation of a redox
flow battery under the operating conditions set in Example 3
of'the present invention, which is compared with capacitance
variation under typical conditions in the related art; and

FIG. 12 is a flowchart of a method of controlling operation
of'a redox flow battery according to one embodiment of the
present invention.

DETAILED DESCRIPTION

Hereinafter, exemplary embodiments of the invention will
now be described in detail with reference to the accompany-
ing drawings. It should be understood that the present inven-
tion is not limited to the following embodiments and may be
embodied in different ways, and that the embodiments are
given to provide complete disclosure of the invention and to
provide thorough understanding of the invention to those
skilled in the art. Herein, detailed descriptions of components
and functions apparent to those skilled in the art will be
omitted for clarity. Like components will be denoted by like
reference numerals throughout the specification and the
accompanying drawings.

FIG. 1 is a diagram of a redox flow battery controlled by a
method according to the present invention.

Referring to FIG. 1, an anolyte (anode electrolyte solution)
is stored in an anolyte storage tank 110 and a catholyte (cath-
ode electrolyte solution) is stored in a catholyte storage tank
112.

The catholyte may include n-valence ions and (n+1)-val-
ance ions as catholyte ions, and the anolyte may include m
valence ions and (m+1)-valence ions as anolyte ions. At this
time, n and m are integers and n, n+1, m and m+1 are different
from one another. For example, the catholyte may include
two-valence vanadium ions (V**) or three-valence vanadium
ions (V>*) ions as catholyte ions, and the anolyte may include
four-valence vanadium ions (V**) or five-valence vanadium
ions (V°*) as anolyte ions. Although the present invention
will be described with reference to the embodiment wherein
the redox flow battery contains vanadium ions (V>*, V*,V2*,
V3*) as shown in FIG. 1, it should be understood that the
present invention may also be applied to redox flow batteries
which include the same kind of element in the anolyte and the
catholyte instead of the vanadium ions.

The anolyte and the catholyte stored in the anolyte storage
tank 110 and the catholyte storage tank 112 are introduced
into an anode cell 102A and a cathode cell 102B of a cell 102
through pumps 114, 116, respectively. Inthe anode cell 102A,
migration of electrons occurs through an electrode 106 by
operation of a power source/load 118 such that oxidation/
reduction represented by V>*<V** occurs. Similarly, in the
cathode cell 102B, migration of electrons occurs through an
electrode 108 by operation of the power source/load 118 such
that oxidation/reduction represented by V**<s4+V>* occurs.
After oxidation/reduction, the anolyte and the catholyte are
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circulated to the anolyte storage tank 110 and the catholyte
storage tank 112, respectively.

On the other hand, the anode cell 102A and the cathode cell
102B are separated from each other by a separator 104 which
allows ions to pass therethrough. With this structure, migra-
tion of ions, that is, crossover, can occur between the anode
cell 102A and the cathode cell 102B. That is, in the course of
charging/discharging the redox flow battery, anolyte ions
(V>*,V*)in the anode cell 102A can migrate into the cathode
cell 102B and catholyte ions (V>*, V>*) in the cathode cell
102B can migrate into the anode cell 102A.

FIG. 2 shows variation of compositions of an anolyte and a
catholyte depending upon a state of charge value of a redox
flow battery.

In FIG. 2, (-) denotes a cathode cell and (+) denotes an
anode cell. In theory, as shown in FIG. 2, at a state of charge
(SOC) value of 0, V>* ions 202 are present substantially alone
in the cathode cell, and V** ions 204 are present substantially
alone in the anode cell. Then, when charging is initiated and
the SOC value reaches 50%, each of the V>* ions 202 and the
V2* ions 206 is present in an amount of about 50% in the
cathode cell and each of the V** ions 204 and the V>* ions 208
is present in an amount of about 50% in the anode cell. Then,
when charging is completed (that is, when the SOC value
reaches 100%), the V>* ions 206 remain alone in the cathode
cell and the V>* ions 208 remain alone in the anode cell.

However, in practice, the size or electrochemical charac-
teristics of ions can be changed according to the oxidation
number ofions to provide different diffusivities when the ions
pass through the separator, thereby causing imbalance of
crossover. As a result, a theoretical amount of the ions in a
specific charge state is different from an actual amount of the
ions. That is, migration of ions having a higher diffusivity
with respect to the separator occurs more actively than migra-
tion of ions having a lower diffusivity with respect to the
separator. As a result, upon change of the SOC value, the
amount of ions increases in one of the anode cell and the
cathode cell and decreases in the other cell. Accordingly, the
amount of active materials, which substantially fail to partici-
pate in oxidation/reduction in the redox flow battery,
decreases, thereby causing reduction in capacity of the redox
flow battery. Herein, the diffusivity of ions is defined as the
amount ofions passing through a unit area of the separator per
unit time.

On the other hand, the aforementioned crossover differ-
ently occurs depending upon the kind and properties of sepa-
rator used in a cell. This is because the diffusivity of ions
passing through the separator differs due to electrochemical
properties and microscopic structure of the separator. In order
to prevent reduction in battery capacity caused by such imbal-
anced crossover, it is necessary to set a suitable state of charge
value of the redox flow battery in consideration of the prop-
erties of the separator used therein.

The present invention is based on such consideration and
aimed at controlling operation of the redox flow battery such
that net migration amounts of anolyte ions and catholyte ions
become 0 in overall operation of the battery by application of
a suitable state of charge value according to the properties of
the separator used in the redox flow battery.

FIG. 3 is a block diagram of an apparatus for controlling
operation of a redox flow battery according to one embodi-
ment of the present invention.

Referring to FIG. 3, the apparatus for controlling operation
of'a redox flow battery 302 according to one embodiment of
the invention includes a diffusivity determination unit 304, a
first operating condition setting unit 306, and a second oper-
ating condition setting unit 308.
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The diffusivity determination unit 304 obtains a diffusivity
of anolyte ions with respect to a separator and a diffusivity of
catholyte ions with respect to the separator, and determines
electrolyte diffusivities based on the diffusivity of the anolyte
ions and the diffusivity of the catholyte ion.

The diffusivities of the anolyte ions and catholyte ions with
respect to the separator used in the redox flow battery may be
experimentally obtained by a typical method or apparatus for
measuring diffusivity. In this way, the diffusivity determina-
tion unit 304 obtains the diffusivity ofthe anolyte ions and the
diffusivity of the catholyte ions. In one embodiment, when
the catholyte ions include V** ions and V>* ions and the
anolyte ions include V>* jons and V** ions, the diffusivity
determination unit 304 may obtain a diffusivity of each of
these four kinds of ions.

Then, the diffusivity determination unit 304 determines the
electrolyte diffusivities depending upon a state of charge
value of the redox flow battery based on the diffusivity of the
anolyte ions and the diffusivity of the catholyte ions. The
electrolyte diffusivities depending upon the state of charge
value may be determined from a catholyte diffusivity calcu-
lated based on the diffusivity of the catholyte ions and an
anolyte diffusivity calculated based on the diffusivity of the
anolyte ions.

More specifically, the diffusivity determination unit 304
calculates the anolyte diffusivity depending upon the state of
charge value of the redox flow battery. For example, the
diffusivity determination unit 304 may determine a diffusiv-
ity of V>* ions as the anolyte diffusivity when the redox flow
battery has a state of charge value of 0, and may determine a
diffusivity of V** ions as the anolyte diffusivity when the
redox flow battery has a state of charge value of 100.

Similarly, the diffusivity determination unit 304 calculates
the catholyte diffusivity depending upon the state of charge
value of the redox flow battery. For example, the diffusivity
determination unit 304 may determine a diffusivity of V>*
ions as the catholyte diffusivity when the redox flow battery
has a state of charge value of 0, and may determine a diffu-
sivity of V3* ions as the catholyte diffusivity when the redox
flow battery has a state of charge value of 100.

At this time, the diffusivity determination unit 304 may
generate a curve depicting the diffusivities of the anolyte and
the diffusivities of the catholyte when the state of charge
values are 0 and 100. In this graph, a linear relationship is
provided between the state of charge value and each of the
anolyte diffusivity and the catholyte diffusivity.

An anolyte diffusivity curve depicting variation of the
anolyte diffusivity depending upon the state of charge value
satisfies the following Equation 1 at a specific state of charge
value.

Anolyte Diffusivity=state of charge valuex(diffusivity
of (m+1)-valence ions)+(100—state of charge

value)x(diffusivity of m-valence ions) <Equation 1>

In addition, a catholyte diffusivity curve depicting varia-
tion of the catholyte diffusivity depending upon the state of
charge value satisfies the following Equation 2 at a specific
state of charge value.

Catholyte Diffusivity=state of charge valuex(diffusiv-
ity of n-valence ions)+(100-state of charge

value)x(diffusivity of (#+1)-valence ions) <Equation 2>

On the other hand, when detecting variation in temperature
of the redox flow battery, the diffusivity determination unit
304 performs operation of obtaining the diffusivity of the
anolyte ions and operation of obtaining the diffusivity of the
catholyte ions. That is, the redox flow battery further includes
a temperature sensing unit (not shown) connected to the dif-
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fusivity determination unit 304 to detect temperature varia-
tion of the redox flow battery. Thus, when the temperature
sensing unit (not shown) detects the temperature variation of
the redox flow battery and sends a signal indicating tempera-
ture variation to the diffusivity determination unit 304, the
diffusivity determination unit 304 may obtain the diffusivity
of'the anolyte ions and the diffusivity of the catholyte ions at
this time point. The diffusivity of the anolyte ions and the
diffusivity of the catholyte ions may vary depending upon
temperature, and operation of the redox flow battery may be
controlled based on the diffusivities of the ions that vary
depending upon temperature. The temperature sensing unit
may sense the temperature variation in real time or in a
predetermined cycle, and may be operated to send a signal to
the diffusivity determination unit 304 when the temperature
variation reaches a preset critical value.

The first operating condition setting unit 306 determines a
minimum state of charge value and a maximum state of
charge value of the redox flow battery based on the deter-
mined electrolyte diffusivities. More specifically, the first
operating condition setting unit 306 sets a state of charge
value when the anolyte diffusivity is coincident with the
catholyte diffusivity as a medium state of charge value, and
determines the minimum state of charge value and the maxi-
mum state of charge value according to the following Equa-
tion 3.

Minimum state of charge value=Medium state of
charge value-P

Maximum state of charge value=Medium state of

charge value+Q <Equation 3>

In this equation, P and Q are the same integers greater than
0. In addition, the minimum state of charge value is greater
than or equal to 0 and the maximum state of charge value is
less than or equal to 100.

The first operating condition setting unit 306 may deter-
mine the minimum/maximum state of charge values such that
a difference between the minimum state of charge value and
the maximum state of charge value has a maximum value
while satisfying the above requirements.

The second operating condition setting unit 308 sets oper-
ating conditions of the redox flow battery based on the mini-
mum state of charge value and the maximum state of charge
value determined as above. More specifically, the second
operating condition setting unit 308 detects a minimum volt-
age corresponding to the minimum state of charge value and
a maximum voltage corresponding to the maximum state of
charge value using an open circuit voltage (OCV) graph of the
redox flow battery, and sets the minimum voltage and the
maximum voltage as operating voltages of the redox flow
battery.

Next, a method of controlling operation of a redox flow
battery according to the present invention will be described in
more detail with reference to examples.

EXAMPLE 1

In Example 1, operating conditions of a redox flow battery
using separator A are set as follows.

First, each of diffusivities of anolyte ions and catholyte
ions with respect to the separator A is measured. Anolyte ions
(V**, V>*) and catholyte ions (V**, V>*) have the following
diffusivities with respect to the separator A, as measured by a
method known in the art.

Diffusivity of V>* ions with respect to separator A: 2.7

Diffusivity of V>* ions with respect to separator A: 1.0
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Diffusivity of V** ions with respect to separator A: 2.1

Diffusivity of V>* ions with respect to separator A: 1.8

After obtaining such diffusivities of the anolyte ions and
catholyte ions with respect to the separator A, the diffusivity
determination unit 304 determines electrolyte diffusivities,
that is, an anolyte diffusivity and a catholyte diftusivity, based
on the diffusivity of the anolyte ions and the diffusivity of the
catholyte ions obtained as above. Thereafter, the diffusivity
determination unit 304 generates a graph depicting the elec-
trolyte diffusivities depending upon state of charge values
based on the anolyte diffusivity and the catholyte diffusivity
determined as above.

FIG. 4 is a graph depicting electrolyte diffusivities with
respect to the separator A in Example 1 of the present inven-
tion. In FIG. 4, the abscissa indicates state of charge values,
the ordinate indicates diffusivities, and numerals of the ordi-
nate are given by scaling measured diffusivities by 100 times
for convenience of comparison.

In FIG. 4, D(+) indicates an anolyte diffusivity and D(-)
indicates a catholyte diffusivity. The diffusivity determina-
tion unit 304 determines the obtained diffusivity (2.1) of V**
ions as an anolyte diffusivity when the redox flow battery has
a state of charge value of 0, and determines the obtained
diffusivity (1.8) of V°* ions as an anolyte diffusivity when the
redox flow battery has a state of charge value of 100, in which
a straight line connecting the obtained diffusivities indicates
anolyte diffusivities with respect to the separator A. Here, at
a specific state of charge value greater than O and less than
100, the anolyte diffusivities are determined so as to satisfy
Equation 1.

Similarly, the diffusivity determination unit 304 deter-
mines the obtained diffusivity (1.0) of V>* ions as a catholyte
diffusivity when the redox flow battery has a state of charge
value of 0, and determines the obtained diffusivity (2.7) of
V2*ions as a catholyte diffusivity when the redox flow battery
has a state of charge value of 100, in which a straight line
connecting the obtained diffusivities indicates catholyte dif-
fusivities with respect to the separator A. Here, at a specific
state of charge value greater than 0 and less than 100, the
catholyte diffusivities are determined so as to satisfy Equa-
tion 2.

The first operating condition setting unit 306 determines a
minimum state of charge value and a maximum state of
charge value of the redox flow battery based on the graph of
the electrolyte diffusivity as shown in FIG. 4. The first oper-
ating condition setting unit 306 sets, as a medium state of
charge value (SOC ), a state of charge value when the anolyte
diffusivity is coincident with the catholyte diffusivity, as
shown in FIG. 4. Then, the minimum state of charge value
(SOC,) is determined by subtracting a certain value from this
medium state of charge value, and the maximum state of
charge value (SOCy) is determined by adding the certain
value to this medium state of charge value.

For example, in FIG. 4 in which the medium state of charge
value is 55, the maximum state of charge value is determined
to be 55+45=100 and the minimum state of charge value is
determined to be 55-45=10. That is, in FIG. 4, the maximum
state of charge value and the minimum state of charge value
are determined by adding and subtracting the same value (45)
to or from the medium state of charge value, respectively.
When the medium state of charge value is 55, although the
maximum/minimum state of charge values may be provided
as various values depending upon P and Q values, the redox
flow battery may be operated in an SOC range of 10 to 100, in
which a difference between the maximum state of charge
value and the minimum state of charge value has a maximum
value while the maximum state of charge value does not
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exceed 100. In addition, as can be seen from FIG. 4, the
minimum state of charge value is greater than or equal to 0
and the maximum state of charge value is less than or equal to
100.

Next, the second operating condition setting unit 308 sets
operating conditions of the redox flow battery based on the
minimum state of charge value and the maximum state of
charge value determined as above. FIG. 5 shows an OCV
graph of the separator A used for setting operating conditions
in Example 1 of the present invention. The second operating
condition setting unit 308 detects a minimum voltage corre-
sponding to the minimum state of charge value and a maxi-
mum voltage corresponding to the maximum state of charge
value using the OCV graph of the redox flow battery as shown
in FIG. 5.

For example, in FIG. 5, a voltage (xV) corresponding to the
minimum state of charge value (45) is determined as the
minimum voltage and a voltage yV corresponding to the
maximum state of charge value (100) is determined as the
maximum voltage. The second operating condition setting
unit 308 sets the minimum voltage and the maximum voltage
as operating voltages of the redox flow battery.

FIG. 6 is a graph depicting capacity variation of a redox
flow battery under the operating conditions set in Example 1
of the present invention, which is compared with capacity
variation under typical conditions.

Referring to FIG. 6, in operation of the redox flow battery
using the separator A under typical conditions with a state of
charge value in the range of 0 to 100, capacity of the battery
is gradually decreased with increasing cycles of operating the
battery. On the contrary, it can be confirmed in FIG. 6 that,
when the redox flow battery is operated under conditions
according to the present invention (a state of charge value of
10~100 and an operating voltage of xV~yV), capacity reduc-
tion of the redox flow battery is strongly suppressed, as com-
pared with that of the redox flow battery operated under
typical conditions.

EXAMPLE 2

In Example 2, operating conditions of a redox flow battery
using separator B are set as follows.

First, each of diffusivities of anolyte ions and catholyte
ions with respect to the separator B is measured. Anolyte ions
(V**, V) and catholyte ions (V>*, V>*) have the following
diffusivities with respect to the separator B, as measured by a
method known in the art.

Diffusivity of V>* ions with respect to separator B: 1.0

Diffusivity of V>* ions with respect to separator B: 2.7

Diffusivity of V** ions with respect to separator B: 1.8

Diffusivity of V>* ions with respect to separator B: 2.1

After obtaining such diffusivities of the anolyte ions and
catholyte ions with respect to the separator B, the diffusivity
determination unit 304 determines electrolyte diffusivities,
that is, an anolyte diffusivity and a catholyte diffusivity,
depending upon state of charge values according to Equation
1 and Equation 2, based on the diffusivity of the anolyte ions
and the diffusivity of the catholyte ions obtained as above.
Thereafter, the diffusivity determination unit 304 generates a
graph depicting the electrolyte diffusivities depending upon
state of charge values based on the anolyte diffusivity and the
catholyte diftusivity determined as above.

FIG. 7 is a graph depicting electrolyte diffusivities with
respect to the separator B in Example 2 of the present inven-
tion. In FIG. 7, the abscissa indicates state of charge values,
the ordinate indicates diffusivities, and numerals of the ordi-
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nate are given by scaling measured diffusivities by 100 times
for convenience of comparison.

In FIG. 7, D(+) indicates an anolyte diffusivity and D(-)
indicates a catholyte diffusivity. The diffusivity determina-
tion unit 304 determines the obtained diffusivity (1.8) of V**
ions as an anolyte diffusivity when the redox flow battery has
a state of charge value of 0, and determines the obtained
diffusivity (2.1) of V>* ions as an anolyte diffusivity when the
redox flow battery has a state of charge value of 100, in which
a straight line connecting the obtained diffusivities indicates
anolyte diffusivities with respect to the separator B.

Similarly, the diffusivity determination unit 304 deter-
mines the obtained diffusivity (2.7) of V>* ions as a catholyte
diffusivity when the redox flow battery has a state of charge
value of 0, and determines the obtained diffusivity (1.0) of
V2*ions as a catholyte diffusivity when the redox flow battery
has a state of charge value of 100, in which a straight line
connecting the obtained diffusivities indicates catholyte dif-
fusivities with respect to the separator B.

The first operating condition setting unit 306 determines a
minimum state of charge value and a maximum state of
charge value of the redox flow battery based on the graph of
the electrolyte diffusivity as shown in FIG. 7. The first oper-
ating condition setting unit 306 sets, as a medium state of
charge value (SOC ), a state of charge value when the anolyte
diffusivity is coincident with the catholyte diffusivity, as
shown in FIG. 7. Then, the minimum state of charge value
(SOC,) is determined by subtracting a certain value from the
medium state of charge value, and the maximum state of
charge value (SOCy) is determined by adding the certain
value to the medium state of charge value.

For example, in FIG. 7 in which the medium state of charge
value is 45, the maximum state of charge value is determined
to be 45+45=90 and the minimum state of charge value is
determined to be 45-45=0.

Next, the second operating condition setting unit 308 sets
operating conditions of the redox flow battery based on the
minimum state of charge value and the maximum state of
charge value determined as above. FIG. 8 shows an OCV
graph of the separator B used for setting operating conditions
in Example 2 of the present invention. The second operating
condition setting unit 308 detects a minimum voltage corre-
sponding to the minimum state of charge value and a maxi-
mum voltage corresponding to the maximum state of charge
value using the OCV graph of the redox flow battery as shown
in FIG. 8.

For example, in FIG. 8, a voltage (zV) corresponding to the
minimum state of charge value (45) is determined as the
minimum voltage and a voltage wV corresponding to the
maximum state of charge value (100) is determined as the
maximum voltage. The second operating condition setting
unit 308 sets the minimum voltage and the maximum voltage
as operating voltages of the redox flow battery.

FIG. 9 is a graph depicting capacity variation of a redox
flow battery under the operating conditions set in Example 2
of the present invention, which is compared with capacity
variation under typical conditions.

Referring to FIG. 9, in operation of the redox flow battery
using the separator B under typical conditions with a state of
charge value in the range of 0 to 100, capacity of the battery
is gradually decreased with increasing cycles of operating the
battery. On the contrary, it can be confirmed in FIG. 9 that,
when the redox flow battery is operated under conditions
according to the present invention (a state of charge value of
0~90 and an operating voltage of ZV~nV), capacity reduction
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of'the redox flow battery is strongly suppressed, as compared
with that of the redox flow battery operated under typical
conditions.

EXAMPLE 3

In Example 3, operating conditions of a redox flow battery
using NAFION 115 as a separator are set as follows.

First, each of diffusivities of anolyte ions and catholyte
ions with respect to NAFION 115 is measured. Anolyte ions
(V**, V>*) and catholyte ions (V**, V>*) have the following
diffusivities with respect to NAFION 115, as measured by a
method known in the art.

Diffusivity of V2* ions with respect to NAFION 115: 6.4

Diffusivity of V>* ions with respect to NAFION 115: 1.0

Diffusivity of V** ions with respect to NAFION 115: 2.6

Diffusivity of V>* ions with respect to NAFION 115: 1.2

After obtaining such diffusivities of the anolyte ions and
catholyte ions with respect to NAFION 115, the diffusivity
determination unit 304 determines electrolyte diffusivities,
that is, an anolyte diffusivity and a catholyte diffusivity, based
on the diffusivity of the anolyte ions and the diffusivity ofthe
catholyte ions obtained as above. Thereafter, the diffusivity
determination unit 304 generates a graph depicting the elec-
trolyte diffusivities depending upon state of charge values
based on the anolyte diffusivity and the catholyte diffusivity
determined as above.

FIG. 10 is a graph depicting electrolyte diffusivities with
respect to NAFION 115 in Example 3 of the present inven-
tion. The diffusivity determination unit 304 determines the
obtained diffusivity (2.6) of V** ions as an anolyte diffusivity
when the redox flow battery has a state of charge value of 0,
and determines the obtained diffusivity (1.2) of V>* ions as an
anolyte diffusivity when the redox flow battery has a state of
charge value of 100, in which a straight line connecting the
obtained diffusivities to each other indicates anolyte diffu-
sivities with respect to NAFION 115.

Similarly, the diffusivity determination unit 304 deter-
mines the obtained diffusivity (1.0) of V>* ions as a catholyte
diffusivity when the redox flow battery has a state of charge
value of 0, and determines the obtained diffusivity (6.4) of
V2*ions as a catholyte diffusivity when the redox flow battery
has a state of charge value of 100, in which a straight line
connecting the obtained diffusivities indicates catholyte dif-
fusivities with respect to NAFION 115.

The first operating condition setting unit 306 determines a
minimum state of charge value and a maximum state of
charge value of the redox flow battery based on the graph of
the electrolyte diffusivity as shown in FIG. 10. As described
in Example 1 and Example 2, the first operating condition
setting unit 306 determines a minimum state of charge value
(SOC,) by subtracting a certain value from a medium state of
charge value (SOC,), and determines a maximum state of
charge value (SOC.) by adding the certain value to the
medium state of charge value. In FIG. 10, since the medium
state of charge value is 25, the minimum state of charge value
is 0 and the maximum state of charge value is 50.

Next, the second operating condition setting unit 308
detects a minimum voltage corresponding to the minimum
state of charge value and a maximum voltage corresponding
to the maximum state of charge value using an OCV graph of
the redox flow battery.

FIG. 11 is a graph depicting capacity variation of a redox
flow battery under the operating conditions in Example 3 of
the present invention, which is compared with capacity varia-
tion under typical conditions.
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Referring to FIG. 11, in operation of the redox flow battery
using NAFION 115 under typical conditions with a state of
charge value in the range of 0 to 100, capacity of the battery
is gradually decreased with increasing cycles of operating the
battery. On the contrary, it can be confirmed in FIG. 11 that,
when the redox flow battery is operated under conditions of
the minimum voltage and the maximum voltage set according
to the present invention, capacity reduction of the redox flow
battery is strongly suppressed, as compared with that of the
redox flow battery operated under typical conditions.

FIG. 12 is a flowchart of a method of controlling operation
of'a redox flow battery according to one embodiment of the
present invention.

Referring to FIG. 12, first, a diffusivity of anolyte ions with
respect to the separator and a diffusivity of catholyte ions with
respect to the separator are obtained in Step 1202. The diffu-
sivities of the anolyte ions and the catholyte ions with respect
to the separator may be experimentally obtained by a typical
method or apparatus for measuring diffusivity.

Then, electrolyte diffusivities are determined based on the
diffusivity of the anolyte ions and the diffusivity of the
catholyte ions in Step 1204. In one embodiment of the inven-
tion, Step 1204 may include calculating an anolyte diffusivity
depending upon a state of charge value of the redox flow
battery, calculating a catholyte diffusivity depending upon
the state of charge value of the redox flow battery, and gen-
erating a graph representing electrolyte diffusivities.

Next, a minimum state of charge value and a maximum
state of charge value of the redox flow battery are determined
based on the electrolyte diffusivities in Step 1206. In one
embodiment of the invention, Step 1206 may include setting
a state of charge value when the anolyte diffusivity is coinci-
dent with the catholyte diffusivity as a medium state of charge
value, and determining the minimum state of charge value
and the maximum state of charge value according to Equation
3.

Last, operating conditions of the redox flow battery are
determined based on the minimum state of charge value and
the maximum state of charge value in Step 1208. In one
embodiment of the invention, Step 1208 may include detect-
ing a minimum voltage corresponding to the minimum state
of charge value and a maximum voltage corresponding to the
maximum state of charge value using an OCV graph of the
redox flow battery, and setting the minimum voltage and the
maximum voltage as operating voltages of the redox flow
battery.

Although some embodiments have been described herein,
it should be understood that various modifications, changes,
alterations, and equivalent embodiments can be made by
those skilled in the art without departing from the spirit and
scope of the invention. Therefore, the scope of the invention
should be limited only by the accompanying claims and
equivalents thereof.

What is claimed is:

1. A method of controlling operation of a redox flow bat-
tery, comprising:

obtaining a diffusivity of anolyte ions with respect to a

separator,

obtaining a diffusivity of catholyte ions with respect to the

separator,

determining electrolyte diffusivities depending upon a

state of charge value of the redox flow battery based on
the diffusivity of the anolyte ions and the diffusivity of
the catholyte ions;

determining a minimum state of charge value and a maxi-

mum state of charge value of the redox flow battery
based on the electrolyte diffusivities; and
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setting operating conditions of the redox flow battery based
on the minimum state of charge value and the maximum
state of charge value.

2. The method of controlling operation of a redox flow
battery according to claim 1, wherein determining the elec-
trolyte diffusivities comprises:

determining an anolyte diffusivity depending upon the

state of charge value of the redox flow battery based on
the diffusivity of the anolyte ions; and

determining a catholyte diffusivity depending upon the

state of charge value of the redox flow battery based on
the diffusivity of the catholyte.

3. The method of controlling operation of a redox flow
battery according to claim 2, wherein the anolyte ions com-
prise m-valence ions and (m+1)-valence ions (m being an
integer), and the anolyte diffusivity satisfies Equation 1;

Anolyte diffusivity=state of charge valuex(diffusivity
of (m+1)-valence ions)+(100-state of charge

value)x(diffusivity of m-valence ions). [Equation 1]

4. The method of controlling operation of a redox flow
battery according to claim 2, wherein the catholyte ions com-
prise n-valence ions and (n+1)-valence ions (n being an inte-
ger), and the catholyte diffusivity satisfies Equation 2;

Catholyte diffusivity=state of charge valuex(diffusiv-
ity of #-valence ions)+(100-state of charge

value)x(diffusivity of (s#+1)-valence ions). [Equation 2]

5. The method of controlling operation of a redox flow
battery according to claim 2, wherein determining the mini-
mum state of charge value and the maximum state of charge
value of the redox flow battery comprises:

setting a state of charge value when the anolyte diffusivity

is coincident with the catholyte diffusivity as a medium
state of charge value; and

determining the minimum state of charge value and the

maximum state of charge value according to Equation 3;

Minimum state of charge value=medium state of
charge value-P

Maximum state of charge value=medium state of

charge value+Q [Equation 3]

(P and Q being the same integers greater than 0; the mini-
mum state of charge value being greater than or equal to
0; and the maximum state of charge value being less than
or equal to 100).

6. The apparatus for controlling operation of a redox flow
battery according to claim 5, wherein the second operating
condition setting unit detects a minimum voltage correspond-
ing to the minimum state of charge value and a maximum
voltage corresponding to the maximum state of charge value
using an OCV graph of the redox flow battery, and sets the
minimum voltage and the maximum voltage as operating
voltages of the redox flow battery.

7. The method of controlling operation of a redox flow
battery according to claim 1, wherein setting the operating
conditions of the redox flow battery comprises:

detecting a minimum voltage corresponding to the mini-

mum state of charge value and a maximum voltage cor-
responding to the maximum state of charge value using
an open circuit voltage (OCV) graph of the redox flow
battery; and

setting the minimum voltage and the maximum voltage as

operating voltages of the redox flow battery.

8. The method of controlling operation of a redox flow
battery according to claim 1, wherein obtaining the diffusiv-
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ity of anolyte ions and obtaining the diffusivity of catholyte
ions are performed when variation in temperature of the redox
flow battery is detected.

9. An apparatus for controlling operation of a redox flow
battery, comprising:

a diffusivity determination unit that obtains a diffusivity of
anolyte ions with respect to a separator and a diffusivity
of catholyte ions with respect to the separator and deter-
mines electrolyte diffusivities depending upon a state of
charge value of the redox flow battery based on the
diffusivity of the anolyte ions and the diffusivity of the
catholyte ions;

a first operating condition setting unit that sets a minimum
state of charge value and a maximum state of charge
value of the redox flow battery based on the electrolyte
diffusivities; and

asecond operating condition setting unit that sets operating
conditions of the redox flow battery based on the mini-
mum state of charge value and the maximum state of
charge value.

10. The apparatus for controlling operation of a redox flow
battery according to claim 9, wherein the diffusivity determi-
nation unit determines an anolyte diffusivity depending upon
the state of charge value of the redox flow battery based onthe
diffusivity of the anolyte ions, and determines a catholyte
diffusivity depending upon the state of charge value of the
redox flow battery based on the diffusivity of the catholyte.

11. The apparatus for controlling operation of a redox flow
battery according to claim 10, wherein the anolyte ions com-
prises m-valence ions and (m+1)-valence ions (m being an
integer), and the anolyte diffusivity satisfies Equation 1;
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Anolyte diffusivity=state of charge valuex(diffusivity
of (m+1)-valence ions)+(100-state of charge

value)x(diffusivity of m-valence ions). [Equation 1]

12. The apparatus for controlling operation of a redox flow
battery according to claim 10, wherein the catholyte ions
comprise n-valence ions and (n+1)-valence ions (n being an
integer), and the catholyte diffusivity satisfies Equation 2;

Catholyte diffusivity=state of charge valuex(diffusiv-

ity of #-valence ions)+(100-state of charge

value)x(diffusivity of (s#+1)-valence ions). [Equation 2]

13. The apparatus for controlling operation of a redox flow
battery according to claim 10, wherein the first operating
condition setting unit sets a state of charge value when the
anolyte diffusivity is coincident with the catholyte diffusivity
as a medium state of charge value, and determines the mini-
mum state of charge value and the maximum state of charge
value according to Equation 3;

Minimum state of charge value=medium state of
charge value-P

Maximum state of charge value=medium state of

charge value+Q [Equation 3]

(P and Q being the same integers greater than 0; the mini-
mum state of charge value being greater than or equal to
0; and the maximum state of charge value being less than
or equal to 100).

14. The apparatus for controlling operation of a redox flow
battery according to claim 9, wherein the diffusivity determi-
nation unit obtains the diffusivity of anolyte ions and the
diffusivity of catholyte when variation in temperature of the
redox flow battery is detected.
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